Abstract-In this work, we theoretically investigate the tunable photonic band gap (PBG) in a semiconductor-dielectric photonic crystal made of highly doped n-type silicon (Si) layers alternating with silicon oxide layers. The tunable characteristic is studied by changing the donor impurity concentration in Si layer. The PBG is numerically analyzed in the near infrared frequency region from the reflectance calculated by the transfer matrix method. The effect of filling factor in Si layer on the photonic band gap is also illustrated. These tunable properties in such a photonic crystal provide some information that could be of technical use to the semiconductor optoelectronics, especially in communication applications.
INTRODUCTION
The field of photonic crystals (PCs), artificially periodic structures, was initialized during the late 1980s after the pioneering works by John and Yablonovitch [1] [2] [3] . The term "crystal" is used because the lattice constant (the spatial periodicity) of a PC is comparable to the wavelength of an electromagnetic wave. With the structurally periodic arrangement, the appearance of photonic band gap (PBG) structure in the dispersion relation is thus expected, and, in fact, the existence of PBG has been recognized as the most fundamental property for PCs.
One of the most promising applications in PCs is to engineer PBGs. PBGs, which are analogous to the electronic band gaps in solids, are frequency intervals in which electromagnetic waves are prohibited to propagate through the PCs because the waves are evanescent and will exponentially be attenuated. The direct consequences of PBGs include the total reflection of electromagnetic waves and the suppression of emission in PCs [4] . PCs with wide PBGs have proven to be of practical and experimental use in modern optical and photonic applications [5] [6] [7] [8] [9] [10] .
In addition to the need of wide band gaps in PCs, the feature of a tunable PBG attracts much attention in recent years. The PBG can be tuned by means of some external agents. For instance, it can be changed by the operating temperature and we call it the T-tuning. A superconductor/dielectric PC belongs to this type because of the temperature-dependent London penetration length in the superconducting materials [11] [12] [13] [14] [15] [16] [17] [18] . Using a liquid crystal as one of the constituents in a PC, the T-tuning optical response is also obtainable [19] [20] [21] . Tuning in PBG can also be achieved by the external electric field and it is referred to as the E-tuning. PCs containing a ferroelectric material [22] or a liquid crystal [19] [20] [21] are good candidates for the E-tuning devices. Another called the M-tuning, which makes use of the magnetic field to tune the optical properties in a photonic crystal, is also available now [23] [24] [25] [26] .
Recently, PCs containing the semiconductor as one of the constituents have also been of interest to the photonic community. PCs with intrinsic semiconductor belong to T-tuning devices because the dielectric constant and the intrinsic carrier concentration of an intrinsic semiconductor are strongly dependent on temperature [27, 28] . PCs infiltrated with intrinsic semiconductor such as InSb are M-tuning devices [23, [29] [30] [31] . In addition, if the extrinsic doped semiconductor is incorporated in PCs, then optical response will be tuned directly by the doping concentration. In this case, it is known as the N-tuning (N is the carrier concentration) [32] . The N-tuning can switch the high reflectance range in a semiconductor-based PC, which is could be a positive impact on the semiconductor optoelectronics.
The purpose of this paper is to investigate the photonic band structure (PBS) in an n-Si/SiO 2 one-dimensional PC, in which n-Si is n-type silicon with highly doping donor impurities. We use the reflectance to analyze the PBS in the near infrared (IR) frequency region, 0.75-3.0 µm. This region is of technical use to the optical communication and the telecommunication as well. The reflectance is calculated by making use of the transfer matrix method (TMM) [33] . We first investigate the reflectance as a function of impurity donor concentration. It is found that high-reflectance can be obtained at a threshold concentration. In the wavelength-dependent reflectance, multiple PBGs can be produced at a larger spatial periodicity. The positions of PBGs will be shifted to the shorter wavelength as the doping concentration increases. Moreover, the widths of PBGs are strongly affected by the doping concentration. Additionally, the investigation of Si-layer filling factor on the PBGs will also be given.
BASIC EQUATIONS
In what follows, we shall calculate the reflectance for a one-dimensional n-Si/SiO 2 photonic crystal shown in Fig. 1 . Here, we assume that the total number of periods is N p and the total length of the structure is N p Λ, where the spatial periodicity is equal to Λ = d 1 + d 2 , where d 1 and d 2 are the thicknesses of layers n-Si and SiO 2 , respectively. The optical properties in a PC are related to the refractive indices of the constituent layers, which are determined by the corresponding relative permittivities, i.e., n i = √ ε i , where ε i (i = 1 and 2). For SiO 2 in near IR, ε 2 is taken to be a constant, i.e., n 2 = √ ε 2 = 1.5 [34] . For n-Si, the relative permittivity, based on the plasma model, can be expressed as [32] where ε ∞ is the high-frequency limit of the relative permittivity, γ e and γ h are respectively the damping frequencies for the electrons and holes, and ω pe , ω ph are the electron and hole plasma frequencies given by
Here, m e,h are the effective masses of electron and hole, n e,h are the electron concentration in the conduction band and the hole concentration in the valence band. The concentrations can be determined from the conservation of charge and they are given by
where n i is the intrinsic electron concentration of Si and N is the doping donor impurity concentration. It is worth mentioning that expression for Eq. (1) is based on the use of the temporal part exp (jωt) for all fields. It is also worth mentioning that the dielectric function in Eq. (1) does not include the optical process such as the interband transition. This assumption is physically reasonable in the near infrared region, especially at wavelengths near 1.5 µm which are widely applied in the optical communications. At this wavelength the photon energy is smaller than the gap energy of Si (1.12 eV at room temperature) and therefore the optical process of interband transition will not be allowed to happen. In this work, optical response such as the reflectance is used to study the PBG structure of the one-dimensional n-Si/SiO 2 photonic crystal. We employ the transfer matrix method (TMM) [33] to calculate the reflectance. According to TMM, expression for the reflectance R is given by
where r is the reflection coefficient, and M 11 , M 21 are the two matrix elements of the following total system matrix
Here, P i (i = 1, 2) is the propagation matrix in layer i given by
where k i = ωc √ ε i is the wave number in layer i, and D q (q = 0, 1, 2) is the dynamical matrix in medium q which is written by
where q = 0 is for the air with ε 0 = 1. In addition to using the reflectance to study the optical properties, a direct calculation of photonic band structure (PBS) is of help to the study of PBGs. The PBS can be computed based on the following equation [33] ,
where the Bloch wave number is defined as K = K r − jK i . In the PBGs (stop bands), solution for K will have an imaginary part K i so that the Bloch wave is evanescent. In the passband, where the Bloch wave can propagate through the PC, the solution for K is purely real, i.e., K = K r .
NUMERICAL RESULTS AND DISCUSSION
In Fig. 2 , we plot the relative permittivity of n-Si (Eq. purpose of achieving a sensitive tuning in near IR [32] . The other material parameters used in our calculation are n i = 1.02 × 10 10 cm −3 , ε ∞ = 1, m e = 0.26m 0 , m h = 0.69m 0 , where m 0 = 9.1 × 10 −31 Kg is the mass of free electron. Here, the zero permittivity is indicated by the dashed horizontal line below which the negative permittivity can be obtained. For N = 1 × 10 19 cm −3 , the overall values of permittivity are positive and smaller than one, falling in the range of 0.6 < ε 1 ≤ 1. At N = 5 × 10 19 cm −3 , the permittivity will be negative when λ > 2.4 µm. The range of negative permittivity becomes large in the strongly doped n-Si such as N = 20×10 19 cm −3 . The existence of negative permittivity in n-Si makes it behave effectively as a metal at low frequencies.
In Fig. 3 If we double the spatial periodicity, i.e., Λ = 1.46 µm and other conditions remain unchanged. The reflectance is now depicted in Fig. 6 . It can be seen that the number of PBGs apparently increases. In this case, we have a four-gap structure, as numbered as 1-4. The bandwidth of gap 1 nearly unchanged as N changes, but an appreciable shift is seen. The change in gap 2 is not monotonic. The gap size first decreases When the doping concentration is strongest (20 × 10 19 cm −3 ), the reflectance becomes close to unity for a continuous and broad range of frequencies. Such a result arises from the metallic characteristic of Si, as mentioned previously in Fig. 2 . A metal-dielectric PC is known to have a wider PBG compared with a dielectric-dielectric PC. It can be concluded from Figs. 4-6 that the number of PBGs strongly relies on doping concentration of Si and the physical size of the PC. Figure 7 depicts the wavelength-dependent reflectance for four different filling factors at N = 1 × 10 19 cm −3 and Λ = 0.73 µm. It is seen that the bandwidth of the first gap decreases as f increases. The flat-top high-reflectance disappears at f = 0.6. After that the first gap re-opens, as illustrated at f = 0.75. On the other hand, the second gap has a maximum bandwidth at f = 1/2. Moreover, the shifting feature preserves, moving to the right as f decreases. 
CONCLUSION
The photonic band structure in near IR region for an n-Si/SiO2 photonic crystal has been theoretically investigated. Due to the strong dispersion in the permittivity of n-Si semiconductor, the dependence of doping donor concentration has been illustrated in this work. Based on the numerical results, we draw the conclusions as follows: In the reflectance-versus-concentration plot, at a fixed wavelength of 1.54 µm, there is a threshold concentration N th to achieve the high reflectance. The value in N th increases as f decreases. In near IR, the photonic band structure exhibits two-gap or four gap structure, depending on the size of spatial periodicity. A larger periodicity will yield more gaps in the band diagram. The effects of doping concentration have been shown. That is, it can not only enhance the band gap but shift the position of band gap. Finally, the influence of filling factor in the band gap structure is also demonstrated.
